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Abstract 
This study reports about the use of Biochar derived from maple tree as a filler in Epoxy resin. Maple 
tree blocks were pyrolyzed in inert atmosphere at 600 °C and 1000 °C respectively and were 
characterized morphologically. The composite mechanical properties, i.e. stress-strain curves and related 
parameters (ultimate tensile strength, Young modulus, resilience, tensile toughness) were recorded as 
well as their friction coefficient. It is shown that at very low wt.% of the filler, the Young modulus is 
increased while at higher wt.% (2 wt% and above) the fragile behavior of the resin was converted in a 
ductile one, as elongation at break increased from 0.02 to 0.12. A huge impact of the filler is observed 
on tensile toughness as for the best sample is increased 11 times with respect with pure resin. A simple 





2 Materials and methods  
Two	types	of	Biochar,	both	derived	from	maple	tree,	were	provided	by	University	of	Toronto.	The	two	types	of	Biochar,	labelled	Biochar	and	Biochar	HT	in	the	following	were	pyrolyzed	in	inert	atmosphere	at	600	°C	and	1000	°C	respectively.	Biochar	and	Biochar	HT	were	grinded	using	a	mechanical	mixer	(Savatec	BB90E)	in	order	to	obtain	a	fine	powder	(average	particle	size	10μm)	easy	to	uniformly	disperse	in	composite.	Low	viscosity	Epoxy	resin	LPL	(Cores	Ocean)	was	used	to	produce	composites	in	dog	bone	shape	for	mechanical	tests.	Morphology	of	Biochar,	Biochar	HT	and	composites	was	investigated	by	Field	Emission	Scanning	Electron	Microscope	(FESEM-ZEISS	SUPRA-	40TM).	In	case	of	composites	a	thin	layer	of	few	nm	of	chromium	was	used	to	avoid	charging	effects	during	FESEM	measurements.	
2.1 Composite preparation 
Biochar	composites	based	on	epoxy	resin	were	prepared	according	to	the	procedure	detailed	in	Ref.	[2].	Briefly,	the	appropriate	quantity	of	Biochar	powder	as	reported	in	Table	1	was	dispersed	in	low	viscosity	epoxy	resin	using	ULTRA-TURRAX	(T18)	at	20,000rpm	for	2min.	Hardener	was	then	added	and	the	final	composites	mixed	using	a	me-	chanical	low	speed	mixer	in	order	to	obtain	a	uniform	dispersion	of	the	components.	Finally,	the	liquid	composite	was	sonicated	(Elma	sonic	S15H)	for	5	min	and	then	degassed	in	a	vacuum	chamber	(50	mbar)	for	10	further	minutes	to	remove	gas	bubbles	created	during	the	mixing	process.	The	composite	mixture	was	molded	in	dogbone	shape	and	cured	in	oven	at	60	°C	for	4	h.	Five	samples	for	each	concentration	were	prepared	to	test	reproducibility.	
2.2 Composite analysis 
The	tensile	behavior	of	the	composites	was	studied	using	a	tensile	testing	machine	(MTS	Q-test10).	All	specimens	were	measured	with	a	load	cell	of	10	kN	and	a	strain	rate	of	5	mm/min	according	to	ASTM	D-	638-4	standard.	Specimen	broken	in	the	central	region	were	considered	for	further	analysis.	Stress	vs	strain	data	were	recorded	and	compared	with	blank	epoxy	resin	values.	
3 Results and discussions 
3.1 Morphology of Biochar and Biochar HT 
Small	quantities	of	Biochar	and	Biochar	HT	in	powder	form	were	positioned	on	the	sample	holder	using	a	conductive	tape.	The	morphology	of	Biochar	was	then	studied	using	FESEM.	Biochar	and	Biochar	HT	were	analyzed	prior	to	mechanical	grinding	in	order	to	study	the	structure	of	the	material.	In	Fig.	1	we	report	four	significant	images.	Lower	magnification	images	show	a	similar	structure	for	the	two	Bio-	chars:	smooth	lateral	surfaces	and	long	channels.	At	high	magnification	we	observe	that	the	diameters	of	the	channels	increase	by	a	few	mi-	crometers	after	high	temperature	treatment.	




3.3 Mechanical analysis 
Stress-strain	tensile	behaviours	for	1,	2,	3,	4,	20	wt%	Biochar	and	Biochar	HT	samples	are	depicted	in	Fig.	3.	The	curve	of	pure	Epoxy	resin	is	reported	as	well	for	comparison.	Addition	of	1	wt%	of	Biochar	filler	did	not	alter	the	brittleness	of	the	matrix.	A	slight	increase	in	the	strain	at	break	along	with	a	63%	increase	in	ultimate	tensile	strength	was	recorded	for	Biochar	1	wt%	specimen.	Addition	of	higher	Biochar	amounts	(2–4	wt%)	modifies	the	behavior	of	composites	from	brittle	to	ductile.	An	increase	in	tensile	strength	and	elongation	of	∼48%	and	∼500%	respectively	was	observed	for	Biochar	2	wt%	and	Biochar	HT	2	wt%.	Higher	Biochar	and	Biochar	HT	contents	further	modified	the	mechanical	behavior	of	the	composites	leading	to	reduced	strength	and	elongation	i.e.	towards	semi-brittle	behavior.	This	behavior	is	most	evident	for	high	specific	volume	of	the	fillers	(20	wt%).	Das	et	al.,	2016	[8]	reported	the	improved	mechanical	properties	of	the	Biochar	poly-	propylene	composites	and	the	same	semi	brittle	trend	at	high	wt.%	we	observed	for	the	Biochar	filler.	
Comparison	of	the	most	relevant	mechanical	properties	is	discussed	below.	
3.4 Ultimate tensile strength (UTS) 
Addition	of	the	carbon	fillers	increased	the	load	bearing	capacity	of	the	epoxy	matrix.	The	best	results	were	achieved	by	1	wt%	addition	of	either	Biochar	concentration.	An	increase	of	63%	in	the	maximum	load	bearing	capacity	has	been	observed.	UTS	values	for	all	samples	are	shown	in	Fig.	4.	The	increase	in	the	mechanical	strength	of	the	com-	posite	can	be	attributed	to	the	fact	that	Biochar	particles	drained	part	of	the	stress	from	the	polymeric	matrix	because	of	their	higher	Young's	modulus	and	obstructed	the	crack	onset	and	accumulation	as	evidenced	by	FESEM	images.	Cavitation/debonding	of	the	filler	from	the	matrix	due	to	applied	stress	is	also	evident	in	the	FESEM	analysis	(see	red	arrows	in	Fig.	4b	and	d).	This	pull	out	and	cavitation	phenomenon	of	the	Biochar	filler	from	the	matrix	during	the	applied	stress	is	re-	sponsible	for	enhanced	mechanical	properties	[9,10].	The	cross-link	ratio	of	the	epoxy	resin	may	also	have	been	enhanced	by	the	addition	of	Biochar	fillers	which	effectively	block	the	molecular	motion	in	the	polymer	matrix	reducing	its	deformability	and	thus	strengthening	the	polymer	matrix	[11,12].	
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